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A B S T R A C T
Lower to Middle Triassic clastic rocks in the West Qinling Mountains along NE margin of the Qinghai-Tibet
Plateau are generally regarded as part of the Songpan-Ganzi ﬂysch Basin. However relatively little attention has
been paid to the age and provenance of these units. New petrological and geochemical results demonstrate that
these sediments accumulated along an active continental margin and are dominated by feldspathic litharenite
and lithic arkose with low mineral and compositional maturity. They were derived primarily from a continental
arc source dominated by intermediate to felsic igneous rocks, with a minor contribution from older metamor-
phosed and sedimentary sources. Turbidite samples yielded two primary detrital zircon U-Pb age populations of
ca. 273Ma and ca. 435Ma, which is diﬀerent from the Early Triassic (ca. 252Ma) and Middle Silurian (ca.
427Ma) age populations that dominate the Songpan-Ganzi Basin. These data together with paleocurrent results
indicate that the South Qilian Belt was the primary source origin because this belt contains both early Paleozoic
Andean-type igneous and magmatic rocks and has a basement of Precambrian metamorphosed rocks. Regionally,
an Andean-type arc traverses the South Qilian belts and extends into the West Qinling Mountains and Kunlun
Orogen, which formed by north-directed subduction of the Paleo-Tethyan Ocean during the Early to Middle
Triassic. Voluminous detritus that originated from the Qilian and Kunlun orogens as they were uplifted and
eroded was transported to the south and deposited in the forearc area in front of the A’nimaqen-Mianlue suture.
1. Introduction
Clastic sediments are composed of diﬀerent minerals and detritus
derived from pre-existing source rocks. Their compositions are closely
related to provenance and the tectonic settings of sedimentary basins.
Studies of the provenance of siliciclastic rocks can provide robust in-
formation for understanding basin development by linking sediment
supply to exhumation episodes and tectonic evolution (e.g., Japsen
et al., 2007; Weislogel et al., 2006, 2010; Sun et al., 2016; Higgs and
King, 2018) and allows the reconstruction of sediment transport routes
(e.g., Dickinson and Gehrels, 2009; Olivarius et al., 2014; Yan et al.,
2014; Pe-Piper et al., 2016). Diverse techniques based on petro-
graphical and geochemical criteria have been successfully used in an-
cient rocks for this purpose (e.g., She et al., 2006; Ryan and Williams,
2007; Dickinson and Gehrels, 2008; Yan et al., 2008, 2012, 2014; Sun
et al., 2016). In addition, chemically immobile elements in siliciclastic
rocks such as rare earth elements (REE) and some trace elements of Th,
Zr, Hf, and Sc also provide information on the degrees and types of
weathering, which is useful in developing an understanding of the re-
gional setting of basin development.
Triassic ﬂysch in the West Qinling Mountains is traditionally re-
garded as a component of the collisional Songpan-Ganzi Basin in the NE
Tibetan Plateau (Nie et al., 1994; Zhou and Graham, 1996; Brugier
et al., 1997; Enkelmann et al., 2007; Weislogel et al., 2010). These
turbidite deposits have commonly been interpreted as the erosional
products associated with uplift during closure of the Paleo-Tethyan
Ocean basin between the North China-Tarim plate and Qaidam block to
the north, the South China plate to the east, and the Qiangtang terrane
and Yidun arc terrane to the south (Sengör et al., 1988; Stampﬂi and
Borel, 2002; Weislogel, 2008; Li et al., 2017, 2018; Fig. 1a). Although
these sediments have been studied before, most work focuses on in-
terpretation of detrital zircons in sandstones from the southern
Songpan-Ganzi Basin and less attention has been paid in the West
Qinling Mountains. There is still no agreement on the provenance and
https://doi.org/10.1016/j.jaesx.2019.100020
Received 17 May 2019; Received in revised form 22 September 2019; Accepted 29 September 2019
⁎ Corresponding author.
E-mail address: yanzhen@mail.igcas.ac.cn (Z. Yan).
Journal of Asian Earth Sciences: X xxx (xxxx) xxxx
2590-0560/ © 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).
Please cite this article as: Zhen Yan, et al., Journal of Asian Earth Sciences: X, https://doi.org/10.1016/j.jaesx.2019.100020
depositional setting of the Songpan-Ganzi Basin. In contrast, a distinct
synthesis based on petrology and geochemistry of ophiolite and the
associated rocks in the West Qinling Mountains and Kunlun Orogen (Xu
et al., 1996; Xiao et al., 2002; Bian et al., 2004; Guo et al., 2012; X.W. Li
et al., 2013, 2014) infers that a Triassic Andean-type continental
margin (Yan et al., 2012, 2014) developed in response to the northward
subduction of the Paleo-Tethyan Ocean. However, Li et al. (2017, 2018)
suggested that all the continental blocks in China were assembled to
form the Supercontinent Pangea around ~250Ma, indicating that the
Paleo-Tethyan Ocean closed prior to 250Ma and the Lower to Middle
Triassic sediments in the Songpan-Ganzi Basin were not related to
subduction of the Paleo-Tethyan Ocean.
In order to address this controversy, we assess the provenance of
Triassic ﬂysch in the West Qinling Mountains focusing on the geo-
chemistry of ﬁne-grained siliciclastic rocks and two detrital zircon U-Pb
dating samples. Using these new data in combination with regional
Fig. 1. (a) Tectonic framework of the Chinese Central Orogenic Belt that comprises the Qilian, Kunlun and Qinling orogens and the location of the West Qinling
Mountains. (b) Regional geological map of the West Qinling Mountains showing the relationship between the Qilian and Kunlun orogens and Songpan-Ganzi basin
and location of study area. (c) Detailed geological map of the study area and locations of the studied samples.
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geology and previous published data, we discuss the tectonic setting in
which deposition occurred and the associated evolution of the Paleo-
Tethyan Ocean in the West Qinling Mountains between the North and
South China plates.
2. Geological setting
The West Qinling Mountains is a geologically signiﬁcant portion of
the Qinling Orogenic Belt. This belt extends for more than 1000 km
across eastern Asia and separates the North China Plate to the north
from the South China Plate to the south. To the north and west, the
West Qinling Mountains connect with the Qilian and Kunlun orogenic
belts (Fig. 1b), respectively. To the south, they are separated from the
Songpan-Ganzi Basin by a latest middle-Triassic ophiolitic mélange
along the A’nimaqen-Mianlue fault.
The A’nimaqen-Mianlue mélange consists of Cambrian-Ordovician
and Carboniferous-Early Permian ophiolitic blocks within a matrix of
Lower to Middle Triassic ﬂysch (Xu et al. 1996; Bian et al. 2004; Yang
et al. 2004; Guo et al. 2007) and represents the northeasternmost
branch of the Paleo-Tethyan Ocean (Meng and Zhang, 1999; Lai et al.,
2004). Another zone of mélange occurs along the Qinghai Lake Fault on
the northern margin of the West Qinling Mountains (Wang et al., 2000;
Guo et al., 2007). Assemblages of Devonian-Permian maﬁc-ultramaﬁc
rocks, pillow basalt, gabbro, and radiolarian chert, together with Pro-
terozoic metavolcanic blocks, are tectonically intermingled with Car-
boniferous-Permian arc-related volcanic rocks in the Saishitang area
(Wang et al. 2000; Sun et al. 2004). Geochemical investigations by
Wang et al. (2000) and Guo et al. (2007) demonstrate that pillow ba-
salts in this area originated in a backarc basin setting related to
northward subduction of the Paleo-Tethyan Ocean (Yang et al., 2004).
These mélanges are intruded by Early- to Middle-Triassic arc granites
(Xiao et al., 2002; Guo et al., 2012; Yan et al., 2012; Xie et al., 2015). In
addition, andesite, dacite, and rhyolite interlayers are common among
the Middle Triassic sediments, and the Late Triassic rock record is
dominated by andesites and associated pyroclastic rocks. These ob-
servations indicate Middle to Late Triassic arc magmatism in the West
Qinling Mountains. Together the relative ages of ophiolitic mélanges
and accreted arc-related volcanic and granitoid rocks appear to pro-
gressively young southward across the West Qinling Mountains, im-
plying southward trench migration during evolution of the Paleo-
Tethyan Ocean (Yan et al., 2012).
Triassic sedimentary-volcanic assemblages in the West Qinling
Mountains are subdivided into three regional scale mappable units
(BGMRGP, 1989; BGMRQP, 1991). The Lower Triassic Longwuhe
Group consists of locally fossiliferous deep marine turbidite sediments
typical of a submarine fan depositional setting. The Middle Triassic
Gulangdi Formation represents a large-scale sedimentary succession
shallowing upward from proximal continental slope turbidites through
to ﬂuviodeltaic sediments in higher parts of the section (Fig. 2; Yan
et al., 2012, 2014). The Elashan Group is mainly exposed in the west of
the Saishitang area and consists of andesite, dacite, rhyolite, and pyr-
oclastic rocks, showing typical Andean-style petrological character-
istics. Our recent SHRIMP zircon U-Pb dating and geochemical data
demonstrate that this assemblage of andesite, dacite, and volcaniclastic
rocks formed in an arc setting during the Middle Triassic around
240.1 ± 2.4Ma. Together these rocks represent the products of con-
vergent continental margin slope sedimentation and volcanism from
Early to Middle Triassic time.
Regionally, the Longwuhe Group and Gulangdi Formation non-
conformably overlie the ophiolite complex in the West Qinling
Mountains. They have been correlated with the Liufengguan Group in
the Qinling Orogen to the east and the Hongshuichuan and Naocangjian
formations in the Kunlun Orogen to the west (BGMRGP, 1989;
BGMRQP, 1991). These strata are commonly considered to be a
northern portion of the famous Songpan-Ganzi Basin, but few detailed
studies exist regarding the age and provenance of this basin. Several
distinct end-member hypotheses suggest that the Songpan-Ganzi Basin
represented a remnant ocean basin (Zhou and Graham, 1996;
Enkelmann et al., 2007; Weislogel, 2008; Weislogel et al., 2010), a rift
basin (Chen et al., 1987; Chang, 2000), a non-extensional back-arc
basin (Klimetz, 1983; Gu, 1994; Tang et al., 2018), or a Mediterranean-
style back-arc basin that opened in association with oceanic slab roll-
back (Pullen et al., 2008; Ding et al., 2013; L. Li et al., 2014; X.W. Li
et al., 2014). These interpretations are mainly based on detrital zircon
U-Pb ages or limited geochemistry of sandstones from the southern
portion of this basin. However, a collision-related strike-slip pull-apart
basin (Feng et al. 2002; Sun et al. 2004) or foreland basin (Kou et al.
2007) origin has been suggested to Triassic sediments in the West
Qinling Mountains, implying that the Paleo-Tethyan Ocean closed prior
to the Early Triassic. In contrast, other studies suggested that the
Triassic sediments in the West Qinling Mountains were deposited in a
forearc basin that formed in association with northward subduction of
the Paleo-Tethyan Ocean along the A’nimaq-Mianlue suture (Jiang
et al., 1996; Yan et al., 2008, 2012, 2014; Guo et al., 2012; Li et al.,
2015).
3. Sampling and analytical methods
In order to further deﬁne the composition of Lower- and Middle-
Triassic sediments and their potential source rocks, thin-sections of
ﬁne- and coarse-grained sandstone and mudstone samples were ob-
served under a polarizing microscope. A total of 32 representative
samples including 18 mudstones, 11 siltstones, and three lithic arkoses
from around Tongren area (Fig. 1c) were selected for geochemical
analysis, and two medium-grained arkose samples (LW1 and TR7) were
collected for detrital zircon U-Pb dating. Samples were ground in an
agate mill and zircon separation was undertaken at the Laboratory of
the Institute of Regional Geology and Mineral Survey Research of Hebei
Province.
The analytical procedures used were X-Ray ﬂuorescence (XRF)
spectrometer for major element analysis and inductively coupled
plasma mass spectrometry (ICP-MS) for trace elements. All analyses
were performed at National Research Center for Geoanalysis, Beijing,
following standard procedures for each method. International standards
GSR1, GSR2, and GSR3 were used to monitor analytical quality control.
Detection limits for major elements were< 0.01% (except for TiO2 and
MnO, which had detection limits< 0.001%). Detection limits for trace
elements were 1–0.05 ppm. Based on the analyses of international re-
ference materials, the analytical precision for all major oxides by XRF is
estimated to be better than 1% and the analytical error ranges for trace
elements are within 5–10%. Appendix 1 contains the results of geo-
chemical analyses for all samples.
Zircon grains from sandstones were extracted using standard heavy
liquid and magnetic techniques. They were handpicked under a bino-
cular microscope, and mounted in epoxy resin. The sample mount was
polished to expose the center of the zircon grains and then gold-coated.
Cathodoluminescence (CL) images were acquired to reveal internal
structures using scanning electron microscopy, and U-Th-Pb zircon
dating was performed on the laser-ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) at the Beijing Createch Testing
Technology Co., Ltd. Zircon GJ1 was used as external standard for U-Pb
dating, and was analyzed twice every 10 analyses. Preferred U-Th-Pb
isotopic ratios used for GJ1 are from Jackson et al. (2004). In the
presentation of ﬁgures, tables, and results we follow Gehrels et al.
(2006) with 206Pb/238U ages quoted for zircons younger than 1.0 Ga,
and older grains are quoted using their 207Pb/206Pb ages. Discordant
data were excluded from the relative probability calculation. Zircon
analyses with<10% normal discordance are considered to be geolo-
gically meaningful (Dickinson and Gehrels, 2008) and are used to date
the maximum age of deposition. The age calculations and concordia
diagrams were made using Isoplot/Ex ver. 3.0 (Ludwig, 2003). The U-
Pb data are listed in Appendix 2.
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4. Sandstone petrology
Sandstones in the Longwuhe Group are dominated by lithic arkose
and litharenite containing abundant volcanic and metamorphic frag-
ments. Those from the Gulangdi Formation consist mainly of felds-
pathic litharenite and lithic arkose, characterized by abundant feldspar,
volcanic, and granitic fragments with minor carbonate and meta-
morphic fragments (Fig. 3). Siltstone contains abundant ﬁne-grained
feldspar and minor quartz and volcanic fragments, and mudstone is
dominated by detrital sericite with minor ﬁne-grained feldspar and
quartz grains. Detrital heavy mineral analyses by Yan et al. (2014)
demonstrate that sandstones commonly contain zircon, rutile, garnet,
tourmaline, and epidote grains. Minor amphibole, pyroxene, and Cr-
spinel grains occur in some sandstone samples.
Overall, the composition of sandstones mainly consists of volcanic
(average 26%), granitoid (average 38%), and metamorphic (average
28%) fragments, with minor (8–20%) sedimentary fragments including
chert, silty mudstone, and limestone (Yan et al., 2014), indicating a
continental arc source. Feldspar grains are dominated by plagioclase.
Rare mica and epidote grains were observed within litharenite and
lithic arkose. Abundance of quartz clasts varies from 5% to 17% of
framework grains, which is low in comparison to those of other grains.
Most quartz grains are polycrystalline with obvious scaly inclusions and
undulose extinction indicating metamorphic origins, whereas mono-
crystalline quartz commonly contains ﬂuid inclusions and likely origi-
nated from plutonic rocks (Basu et al., 1975). Clear, ﬂuid inclusion-free
quartz with uniform extinction and embayment textures, interpreted to
be volcanic in origin, is also common.
5. Results
5.1. Geochemistry
The analyzed samples have a similar average major element geo-
chemistry, indicating a similar mineralogy. Four siltstone samples from
the Longwuhe Group exhibit lower SiO2 (43.34–49.59%) and Al2O3
(12.86–14.39%) abundance and higher abundance of CaO
(7.09–17.72%) and loss on ignition (LOI; 7.21–14.59%), indicating the
presence of detrital grains with carbonate and/or calcareous cement.
Other samples have a variable and higher range of SiO2 content
(51.93–61.16%) and exhibit variable negative correlation with Al2O3,
K2O, MgO, FeOT, MnO and P2O5 (Fig. 4), reﬂecting the quartz dilution
eﬀect. Al2O3 shows positive correlation with K2O, MgO, FeOT and TiO2,
but the mean K2O/Al2O3 ratio for all samples is < 0.2. Compared with
upper continental crust compositions (UCC), all samples are slightly
enriched in TiO2, Al2O3, FeOT, MgO, and P2O5 and distinctly depleted
in NaO2 and SiO2, indicating a low maturity.
Samples from the Longwuhe Group show variable and relatively low
Cs, Ba, Rb, Sr, and Cr than contents compared to the Gulangdi
Formation, but their mean contents are similar to UCC. No distinct
correlation is observed between Al2O3 and Sc, Cr and V, suggesting that
these trace element contents are not controlled by clay minerals. The
total REE (ΣREE) contents of the Longwuhe Group samples are the most
varied, ranging from 65 to 226 ppm (avg. 165 ppm), which is lower
than that of the Gulangdi Formation samples (ΣREE=116–359 ppm;
avg. 198 ppm). Chondrite-normalized REE patterns (Fig. 5) are en-
riched in light REE (LREE), corresponding to variable LREE/HREE
Fig. 2. Field photographs showing the
characteristics of Triassic sediments in the
West Qinling Mountains. Longwuhe Group:
(a) Turbiditic rhythms of sandstone, silt-
stone, and black mudstone with a variable
thickness of 3–75 cm. Geologist in the
middle as scale. (b) Flute-marks on turbidite
siltstone surface indicating paleocurrent to
the SW. Hammer is 40 cm long. Gulangdi
Formation: (c) Turbiditic siltstone and
mudstone rhythms with lenticular con-
glomerate showing normal grading and
ripple lamination. Pen is 14 cm long and the
nib points to the top (left). (d) Lens of con-
glomerate and sandstone with planar cross-
bedding and erosional surface at irregular
base (right), indicating channel deposits.
Pen is 14 cm long and the nib points to SW
direction of paleocurrent (lower right side).
(e) Sand-supported conglomerate containing
rounded basalt, quartzite, granite, and
minor marble clasts. (f) Fluvial deposits of
conglomerate and sandstone showing im-
bricated clasts and crude cross-bedding.
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enrichments (LaN/YbN= 2.68–12.42). The average Eu anomaly (Eu/
Eu*) is 0.32 (range between 0.06 and 0.84), which is less depleted in Eu
than UCC (0.72; Rudnick and Gao, 2003). ΣREE values show a weak
positive correlation with Al2O3, P2O5 and TiO2, and the total heavy REE
(HREE) contents show strong positive correlation with Y (r= 0.99).
These observations demonstrate the diﬀering amounts and variable
inﬂuence of minerals including allanite, monazite, apatite, and zircon
in the control of REE contents of these rocks (McLennan et al., 1993).
5.2. U-Pb data
Sample LW1 This sample was collected from the Gulangdi
Formation and contained limited zircon grains. Zircons are elongate
and rounded grains with a long axial of 50–100 μm, showing faintly
banded or concentric oscillatory zoning in CL image. Some have a
thinner and irregular overgrowth with bright luminescence. Forty spots
on the 40 dated grains yielded a concordant 206Pb/238U age of
270–2547Ma (Fig. 6a), with a dominant peak at 440Ma (n=21) and a
subordinate peak at 277Ma (n=6). Several minor peaks include 658,
920, 1122–1250, 1385, and 2544Ma. These spots have a wide range of
U contents (19–1009 ppm) and variable but high Th/U ratios of
0.11–3.61 (avg. 0.98).
Sample TR7 This sample was collected from the Longwuhe Group
and contained abundant rounded and equant zircon grains. Most have a
concentric or faintly banded or sector zoning, and others have a well-
developed core-rim texture consisting of a small core with irregular
boundary and a wide rim with banded zoning. Five-nine of the 61 dated
zircon grains yielded concordant 206Pb/238U age of 232–2493Ma
(Fig. 6b), with a dominant peak at 447Ma (n=13) and a subordinate
peak at 1837Ma (n=10). The other grains yielded several minor age
peaks at 256, 312, 863, 1583, 1767, 1978, 2331, 2409 and 2480Ma.
Analyzed spots have variable U contents of 18–615 ppm and Th/U ra-
tios between 0.01 and 2.04 (avg. 0.56).
6. Paleoweathering conditions and recycling
6.1. Paleoweathering conditions
Provenance and the intensity of weathering in the source region are
the main factors that control the chemical and mineralogical compo-
sition of siliciclastic rocks. Generally, large ionic radius cations such as
Cs, Rb and Ba are relative immobile during chemical weathering pro-
cesses and preferentially ﬁxed in weathering proﬁles by adsorption
clays, while smaller cations like Na, Ca and Sr are selectively leached
from them (McLennan et al., 1993). Therefore, the eﬀects of alteration
have to be seriously considered before the composition of sediments can
be used to assess source composition and tectonic setting.
The Chemical Index of Alteration (CIA; Nesbitt and Young, 1982) or
Fig. 3. Photomicrographs of sandstone
samples. Longwuhe Group: (a) coarse-
grained lithic arkose containing subrounded
volcanic (Lv), granitic (Lg), plagioclase (P),
and minor quartz detritus. Monocrystalline
quartz grains (Qm) commonly contain ﬂuid
inclusions. (b) and (c) Litharenite con-
taining angular to subangular granitic (Lg),
metamorphic (Lm), volcanic (Lv), plagio-
clase (P), and minor k-feldspar (Kf) and
epidote (Ep) grains. Metamorphic fragment
(Lm) consisting of oriented quartz. Gulangdi
Formation: (d) Coarse-grained feldspathic
litharenite containing abundant granitic
(Lg), volcanic (Lv), chert (Lch), and plagio-
clase (P) fragments. (e) Medium-grained
lithic arkose consisting of plagioclase (P),
volcanic (Lv), granitic (Lg) fragments and
minor quartz grains. (f) Siltstone consisting
of ﬁne-grained feldspar and quartz.
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the Chemical Index of Weathering (CIW; Harnois, 1988) is a useful tool
with which to evaluate the degree of source area weathering and
quantify the amount of chemically weathered materials included in
siliciclastic sediments. Variations also reﬂect changes in mineralogical
composition. Generally, CIA values vary from 60 or less for slightly
weathered igneous rocks to near 100 for residual clays enriched in
kaolinite and/or gibbsite. The samples exhibit a variable CIA value
ranging from 51 to 71 with average of 64, which is higher than fresh
basalts (30–45) and granites (45–55; Nesbitt and Young, 1982) and
unweathered UCC (48; Rudnick and Gao, 2003) but less than PAAS and
cratonic sandstone (70 and 77; Condie, 1993). These observations
suggest mild to moderate chemical weathering conditions in the source
area. However, the range of CIA values clearly deviates from the ideal
weathering trend parallel to A-CN line in the A-CN-K
(Al2O3− (CaO*+Na2O)− K2O) diagram (Fig. 7a; Nesbitt et al.,
1996), resulting from changing rates of chemical weathering and phy-
sical erosion over time, possibly as a consequence of tectonic instability
in the source area.
Fig. 4. Variations of SiO2 versus major oxides (wt%) and LOI (wt%) and Al2O3 versus K2O (wt%), and Sc, Cr and V (ppm) for siliciclastic rocks.
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The Plagioclase Index of Alternation [PIA=100× (Al2O3− K2O)/
(Al2O3+CaO*+Na2O− K2O)] suggested by Fedo et al. (1995) is also
used to estimate the degree of source weathering and elemental dis-
tribution during diagenesis. The analyzed samples have a variable
range of PIA values (51–81) with an average of 61, which is higher than
unweathered plagioclase (50) but less than the Post Archean Average
Shale (PAAS; 79). This indicates abundant phyllosilicate mineralogy
within the analyzed samples. In addition, the variable and high Th/U
ratios (2.08–6.91; avg. 4.51) also demonstrate intense weathering in
source areas or sediment recycling (McLennan et al., 1993). Together,
CIA, PIA, and Th/U values demonstrate variable chemical weathering
conditions in the source area that was likely closely related to tectonic
instability.
6.2. Recycling and maturation
Among the major elements in clastic sediments, SiO2 and Al2O3
reﬂect the content of quartz and clay minerals respectively, and the
Fe2O3/K2O ratio reﬂects mineralogical stability and distinguishes lithic
fragments from feldspar. With an increasing SiO2/Al2O3 ratio the grain
size also increases, as does the extent of recycling and maturity of se-
diment. The average SiO2/Al2O3 ratio (=3.3) for samples is similar to
basic rocks (ca. 3) but less than evolved felsic rocks (ca. 5) (Roser et al.,
1996), indicating low compositional maturity and correspondingly less
sedimentary recycling. High K2O/Na2O ratio (1.32–3.41) is also in-
dicative of chemical immaturity.
On the SiO2/Al2O3 and Fe2O3/K2O classiﬁcation diagram of Herron
(1988), most samples are classiﬁed as unstable immature wacke
(Fig. 8a) with others as shale. According to the geochemical classiﬁ-
cation of Pettijohn et al. (1987), all samples, however, are greywacke
(Fig. 8b), with high Na2O/K2O ratio and low Al2O3 and K2O contents.
Additionally, Al and Ti are usually considered to be stable during
weathering and accumulate in the residue. On the Al2O3-TiO2-Hf
ternary diagram of Garcia et al. (1994), samples display a relative
narrow range of TiO2-Hf variation (Fig. 7b), suggesting poor sorting and
compositional immaturity.
Recycling is closely related to transport and both can result in in-
creasing CIW and CIA. Crustal materials from large source areas are
usually transported for a long distance so that they have high CIW and
Fig. 5. UCC-normalized multi-element and chondrite-normalized REE plots of clastic rocks. Upper Continental Crust (UCC) and Chondrite normalized values are
from Taylor and McLennan (1985).
Fig. 6. Detrital zircon age probability histograms for Lower and Middle Triassic
sandstone samples. Detrital zircon data with discordance equal to or less than
10%.
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CIA values (Gao et al., 1999). However, juvenile crustal materials from
local sources are characterized by low CIW and CIA values because of
little or no transport. The average CIW value (=73) amongst the pre-
sent samples is greater than felsic gneiss (ca. 60; Gao et al., 1999),
apparently indicating that the detritus from broad catchment area un-
derwent long distance transportation before ﬁnal deposition.
In order to further assess the issue of recycling, we use the relatively
immobile elements Ti and Ni to discriminate between primary and se-
dimentary reworking controls on sediment compositions based on the
discrimination plot of Floyd et al. (1989). On the TiO2-Ni diagram, all
samples fall within the compositional ﬁelds of immature sediments
controlled by magmatic precursor rocks (Fig. 9a). This result implies
that detritus was likely deposited very near its source with little re-
cycling, which is also supported by low Zr concentrations (avg.
156 ppm). The apparent contradiction between these two assessments
can be resolved if the source rocks are distinct from typical felsic gneiss.
For example, the value of 73 is similar to the fresh pyroxene andesite
Fig. 7. (a) Al2O3− CaO*+Na2O− K2O (A-CN-K) molecular proportion diagram (after Nesbitt and Young, 1982) for clastic rocks with Chemical Index of Alteration
(CIA) scale. (b) Ternary plot of Al2O3*15− 36.2*Hf− TiO2*300 diagram (after Garcia et al., 1994). CAS, ﬁeld of calc-alkaline granites; SPG, ﬁeld of strongly
peraluminous granites.
Fig. 8. Chemical classiﬁcation scheme for Triassic siliciclastic rocks of the West
Qinling Mountains. (a) Na2O/K2O-SiO2/Al2O3 (after Pettijohn et al., 1987). (b)
Fe2O3/K2O-SiO2/Al2O3 (after Herron, 1988).
Fig. 9. (a) TiO2-Ni plot of the siliciclatic rocks (Floyd et al., 1989), showing that
all samples follow a typical magmatic trend for intermediate and felsic rocks.
(b) Discriminant function diagram for the provenance signatures of clastic rocks
using major elements (after Roser and Korsch, 1988).
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(ca. 66; X.W. Li et al., 2013) and lower than unweathered potassic
granite (80; Fedo et al., 1995), which suggests that the detritus only
underwent short distance transportation before ﬁnal deposition.
In another way, the degree of recycling, heavy mineral sorting, and
compositional variation can be assessed by using the Th/Sc-Zr/Sc
(McLennan et al., 1990, 1993) and La/Th-Hf (Floyd and Leveridge,
1987) discriminant diagrams. A positive linear correlation between the
Th/Sc and Zr/Sc ratios expresses ﬁrst-cycle sediments, whereas ad-
ditionally recycled sediments usually show a more rapid Zr/Sc than Th/
Sc increase (Fig. 10a). Samples mainly follow the magmatic composi-
tional variation trend, with slight displacement towards higher Zr/Sc
ratios (> 10), suggestive of minor sediment reworking and sorting.
These processes may also be reﬂected in the La/Th-Hf diagram
(Fig. 10b; Floyd and Leveridge, 1987), in which sediment recycling in
the Longwuhe Group and Gulangdi Formation appears to be less sig-
niﬁcant.
7. Provenance and tectonic setting of Lower to Middle Triassic
sediments
7.1. Provenance
Al2O3/TiO2 ratios of Lower to Middle Triassic sediments (18–25) in
this study are similar to intermediate-felsic igneous rocks (19–28; Girty
et al., 1996), and their REE patterns are also comparable to felsic ig-
neous rocks showing high LaN/YbN ratios and negative Eu anomalies
Fig. 10. (a) Th/Sc versus Zr/Sc (McLennan et al., 1993). (b) La/Th versus Hf discrimination diagrams illustrating weathering and sediment recycling (after Floyd and
Leveridge, 1987). PAAS and UCC values are from Taylor and McLennan (1985).
Fig. 11. Detrital zircon U-Pb age probability histograms of the Triassic siliciclastic samples in the Sonpan-Ganzi Basin and West Qinling Mountains. Data is after from
Weislogel et al. (2010), Ding et al. (2013), Tang et al. (2018), Jian et al. (2019), and this study.
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(Rollinson, 1993). On the discrimination plot of Floyd et al. (1989)
(Fig. 9a), almost all samples plot in the magmatogenic greywacke ﬁeld
associated with felsic to intermediate igneous sources.
Generally, basic volcanic or plutonic detritus is enriched in Sc and
Ti in comparison with more felsic material. Th/Sc and Zr/Sc ratios
increase with sediment maturation and/or with the supply of felsic
detritus, whereas Ti/Zr decreases. Lower Th/Sc (0.09–0.74) and higher
Ti/Zr (17.7–48.18) values compared to the UCC (0.75 and 18.55, re-
spectively) demonstrate that Triassic sediments in the West Qinling
Mountains were primarily derived from felsic rocks. On the Th/Sc-Zr/
Sc plot (Fig. 10a), most samples clustering close to the UCC and PAAS
follow the compositional variation trend of magmatic rocks and are
mainly distributed between andesite and granite compositions.
On the other hand, Triassic sediments plot in the ﬁelds of inter-
mediate and felsic igneous rocks and recycling of older sedimentary
rocks on the provenance discrimination diagram of Roser and Korsch
(1988) (Fig. 9b). This indicates direct derivation of primary magmatic
sources with some older sedimentary source rocks and/or gneisses,
which contain polycyclic quartzose detritus. This inference is constant
to the petrological and heavy mineral results (Yan et al., 2014).
In order to discriminate between the detailed sources of Triassic
sediments of the West Qinling Mountains and Songpan-Ganzi Basin,
published detrital zircon U-Pb age data (Weislogel, 2008; Weislogel
et al., 2010; Ding et al., 2013; Tang et al., 2018; Jian et al., 2019) are
combined together with new data from this study to develop age
probability histograms. Detrital zircon age distributions for Triassic
siliciclastic samples in the West Qinling Mountains and Songpan-Ganzi
Basin are similar (Fig. 11), but the relative abundances of grains within
age populations suggest that they originated from diﬀerent source
rocks. Paleoproterozoic and minor Archean and Neoproterozoic grains
occur in all samples, but Paleozoic zircon grains show distinct abun-
dance patterns within various age populations. The Paleozoic grains of
the Lower- and Middle-Triassic sediments in the West Qinling Moun-
tains mainly include Early Permian (ca. 273Ma) and Early Silurian (ca.
435Ma), whereas these in the Songpan-Ganzi Basin are dominated by
ca. 252Ma and ca. 427Ma. The Upper-Triassic sediments of the West
Qinling Mountains contain a much lesser proportion of Paleozoic det-
rital zircon grains (including ca. 279Ma and ca. 444Ma) than those of
the Songpan-Ganzi Basin (ca. 432Ma). The latter also contains some
Middle Triassic (ca. 245Ma) grains.
Paleocurrent analysis results (Zhou and Graham, 1996; Weislogel
et al., 2010; Ding et al., 2013; L. Li et al., 2014; Jian et al., 2019) in-
dicate that Triassic sediments in the West Qinling Mountains were
mostly derived from a source to the north, whereas the associated se-
diments in the Songpan-Ganzi Basin was dominated by a mixed source
to the northeastward and westward. Together, these results demon-
strate that Triassic sediments in the West Qinling Mountains were pri-
marily derived from the South Qilian Belt, comprising voluminous
Ordovician to Silurian granitoids and Precambrian metamorphosed
igneous and sedimentary rocks. Paleoproterozoic (peak at ~1.84 Ga)
and Neoarchean (peak at ~2.5 Ga) grains were like derived from the
North China Block basement, and Neoproterozoic grains (950–786Ma)
originated from the South Qilian Belt and East Kunlun basement.
However, the Carboniferous-Permian volcano-magmatic complex (Kou
et al., 2007) and ophiolite mélange (Guo et al., 2007) in the middle and
NW of study area also represent another potential source.
7.2. Tectonic setting
Although the geochemistry of sediments is generally aﬀected by
Fig. 12. Tectonic setting discriminant diagram of Longwuhe Group and Gulangdi Formation clastic rocks. (a) SiO2/Al2O3 versus K2O/Na2O diagram after Roser and
Korsch (1986); (b) discriminant function plot of Bhatia (1983); (c) Ti/Zr versus La/Sc and (d) Th-Co-Zr/10 diagrams after Bhatia and Crook (1986).
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sorting, heavy mineral contents, and the proportion of maﬁc input,
some geochemical discriminant diagrams or criteria have been suc-
cessfully used to infer the tectonic setting of ancient sedimentary basins
(e.g., Floyd et al., 1991; Japsen et al., 2007; Ryan and Williams, 2007;
Yan et al., 2012; Pe-Piper et al., 2016; Higgs and King, 2018). In these
diagrams, sediments are grouped into three or four categories based on
their geochemical signal: oceanic island arc (ARC), continental arc
(CIA), active continental margin (ACM), and passive continental margin
(PM).
According to K2O/Na2O-SiO2/Al2O3 and major-element oxides dis-
criminant diagrams, the Lower to Middle Triassic sediments in the West
Qinling Mountains were deposited in an ACM setting (Fig. 12). On the
Ti/Zr-La/Sc and Th-Co-Zr/10 discriminant diagrams (Bhatia and Crook,
1986), samples plot in and around CIA and ACM ﬁelds with some in the
ARC ﬁeld. In addition, trace element distribution patterns for these
sediments are similar to those of an ACM setting with distinct Nb-Ta
and Zr-Hf troughs (Rollinson, 1993). These results favor deposition in
ACM or CIA environments.
Sediments from PM to ACM through CIA to ARC show systematic
increases in Sc/Cr, Ti/Zr, V/La and La/Th ratios and decreases in LaN/
YbN, Th/U, La/Y, La/Sc, and Th/Sc ratios. Europium anomalies also
decrease from PM to ARC. Based on comparisons of sediments from
diﬀerent tectonic setting (Bhatia, 1985; Bhatia and Crook, 1986), these
parameters indicate that Triassic sediments are nearly identical to those
deposited in ACM or CIA settings (Table 1). Distinctive negative Eu
anomalies, LREE-enriched patterns, and weak fractionation of HREE
also support this ﬁnding. Generally, CIA and ACM are similar deposi-
tional environments as both are dominated by convergent plate mo-
tions, orogenic deformation, the development of subduction complexes,
and are underlain by continental crust.
Multi-element diagrams normalized to UCC provide a complimen-
tary approach to bivariate plots to assess the tectonic setting of clastic
sediments, although they are strongly inﬂuenced by heavy mineral
contents, maﬁc input, and the degree of sorting (Floyd et al., 1991). On
the multi-element diagram, the studied samples display rather strong
enrichment in Cs and V-Cr-Ni-Ti-Sc, and a generalized depletion in Nb-
Ta and Zr-Hf. The pronounced negative Sr anomaly and enrichment in
Y is typical for old recycled environments and passive continental
margin settings (Floyd et al., 1989). However, the positive V-Cr-Ni-Ti-
Cs anomalies and strong Nb-Ta depletions of the entire sample are in-
dicative of an active margin or continental arc setting. The presence of
these two types of signatures is common in active margins in which
sedimentation is characterized by a mixture of young arc-derived ma-
terial of variable composition and old upper crustal material
(McLennan et al., 1990, 1993; Yan et al., 2012). It indicates that some
old sedimentary detritus from the arc-basement was added to the se-
diments because of strong uplift and erosion during Early to Middle
Triassic time.
7.3. Tectonic aﬃnity
Together geochemical and petrological data point to an inter-
mediate to felsic igneous rock source within an active continental
margin for Lower to Middle Triassic deposits in the West Qinling
Mountains. This interpretation is also supported by the geochemistry of
detrital Cr-spinel, pyroxene, and amphiboles (Yan et al., 2014).
Regionally, widespread Early to Middle Triassic Andean-type vol-
canism and magmatism occurred in the West Qinling Mountains and
extended westward into the Kunlun Mountains (Xiao et al., 2002; Qiang
et al., 2007; Guo et al., 2012; Yan et al., 2012; Dong et al., 2012, 2017;
Niu et al., 2018). A EW-trending continental arc developed side along
the south of the Qilian Orogen and was superposed onto the Early- and
Late-Paleozoic ophiolite mélanges in the West Qinling Mountains and
South Qilian-Kunlun belt. Voluminous detritus from this belt was
transported southward until it was blocked by the A’nimaqen-Mianlue
ophiolitic mélange. Sediments were deposited in a forearc basinTa
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between the arc and the ophiolitic mélange but were not transported to
the south into the Songpan-Ganzi Basin.
8. Conclusions
(1) Lower to Middle Triassic turbidites in the West Qinling Mountains
mainly consist of feldspathic litharenite and lithic arkose with low
mineral and compositional maturity.
(2) Detrital sediments originated from a primary continental arc source
dominated by intermediate to felsic igneous rocks, with a minor
contribution from older metamorphosed and sedimentary sources.
(3) Detrital zircon dating indicates that Early- and Middle-Triassic
turbidites of the West Qinling Mountains are dominated by detritus
eroded from sourcs with ca. 273Ma, 435Ma and 1869Ma ages and
are thus diﬀerent from those in the Songpan-Ganzi Basin.
(4) These sediments were deposited in a forearc basin that developed
above a northward subducting slab of the Paleo-Tethyan ocean li-
thosphere.
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